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BRCA1, Histone H2AX Phosphorylation,
and Male Meiotic Sex Chromosome Inactivation
localization of phosphorylated H2AX (H2AX) and sex
body anomalies [8]. Together, these findings suggest
an essential role for BRCA1 during the pachytene stage.
James M.A. Turner,1,4 Olga Aprelikova,2,4
Xiaoling Xu,3,4 Ruihong Wang,3 Sangsoo Kim,3
Gadisetti V.R. Chandramouli,2 J. Carl Barrett,2
Paul S. Burgoyne,1 and Chu-Xia Deng3,* In order to further investigate the role of BRCA1 in meio-
sis, we carried out detailed immunolocalization studies1Division of Stem Cell Biology
and Developmental Genetics in spread spermatogenic cells [9] using an antibody
raised against amino acids 811–1059 (encoded by exonMedical Research Council
National Institute for Medical Research 11) of mouse BRCA1. To substage meiosis, we used an
antibody to the synaptonemal complex protein SCP3,The Ridgeway
Mill Hill which is a component of the axial elements [10].
BRCA1 foci were first visualized on newly formingLondon NW7 1AA
United Kingdom axial elements during leptotene as punctate staining
(Figure 1A). At zygotene, this punctate staining remained2Laboratory of Biosystems and Cancer
National Cancer Institute on unsynapsed chromosome axes and on recently syn-
apsed axes but was no longer detectable on bivalents,3Genetics of Development and Diseases Branch
National Institute of Diabetes in which synapsis was complete (Figure 1B). From pa-
chytene onward, BRCA1 was restricted to the unsyn-Digestive and Kidney Diseases
Building 10, 9N105 apsed axial elements of the sex chromosomes (Figure
1C) and the axial elements of rare unsynapsed au-National Institutes of Health
Bethesda, Maryland 20892 tosomes (data not shown), where it appeared as a con-
tinuous intense signal. The specificity of this staining
was confirmed by the fact that all sites of BRCA1 local-
ization were absent in homoyzgous Brca111 mutantSummary
mice [8], which lack the region of BRCA1 recognized
by the antibody (Figures 1A–1C, final panels). We haveIn mammalian spermatogenesis, the X and Y chromo-
somes are transcriptionally silenced during the pachy- obtained the same staining pattern with a second
BRCA1 antiserum raised against the C-terminal 20tene stage of meiotic prophase (meiotic sex chro-
mosome inactivation, MSCI), forming a condensed amino acids of full-length BRCA1 (C-20, Santa Cruz,
data not shown), except that this antibody additionallychromatin domain termed the sex or XY body [1–3].
Thenucleosomal corehistoneH2AX isphosphorylated shows some telomere staining.
Here, we focus on the association of BRCA1 with thewithin the XY chromatin domain just prior to MSCI,
and it has been hypothesized that this triggers the sex chromosomes. The continuous intense BRCA1 axial
staining was already evident by late zygotene, whenchromatin condensation and transcriptional repres-
sion [4, 5]. Here, we show that the kinase ATR localizes BRCA1 localized along the entire length of the X and Y
axial elements (Figure 1D). At early pachytene, the Yto XY chromatin at the onset of MSCI and that this
localization is disrupted in mice with a mutant form of chromosome is extensively synapsed with the X chro-
mosome; at this stage, BRCA1 was seen along the un-the tumor suppressor protein BRCA1. In the mutant
pachytene cells, ATR is usually present at nonsex synapsed portion of the X axis but was reduced in inten-
sity or absent on the synapsed X and Y axes (Figurechromosomal sites, where it colocalizes with aberrant
sites of H2AX phosphorylation; in these cells, there is 1E). During mid- and late pachytene, when the sex chro-
mosomes progressively desynapse, BRCA1 was againMSCI failure. In rare pachytene cells, ATR does locate
to XY chromatin, H2AX is then phosphorylated, a sex seen with increasing intensity on the axes of the pre-
viously synapsed regions of the X and Y (Figures 1F andbody forms, and MSCI ensues. These observations
highlight an important role for BRCA1 in recruiting the 1G) and this was retained into diplotene (Figure 1H).
BRCA1was no longer detectable bymetaphase I (Figurekinase ATR to XY chromatin at the onset of MSCI
1I). The timing of appearance and disappearance ofand provide compelling evidence that it is ATR that
BRCA1 on the sex chromosomes corresponds closelyphosphorylates H2AX and triggers MSCI.
to that of H2AX, which we have previously implicated
in sex body formation and meiotic sex chromosomeResults and Discussion
inactivation (MSCI) [4, 5].
TheBrca111mutation is an in-frame deletion andmiceBRCA1 is expressed in meiotic cells in human testes
homozygous for this mutation produce a smaller protein[6]; in mouse testes, the RNA is abundant in pachytene
lacking the exon 11-encoded amino acids. Themutationand diplotene spermatocytes and in round spermatids
results in lethality in late gestation, but heterozygosity[7]. Male mice lacking full-length BRCA1 as a result of
for Trp53 allows survival to adulthood, although malesdeletion of exon 11 (Brca111/11) are infertile due to a
are sterile [11]. It is these Brca111/11;Trp53/mice thatpachytene arrest; the pachytene cells have abnormal
we previously reported to have sex body anomalies and
aberrant localization of H2AX at the pachytene stage*Correspondence: chuxiad@bdg10.niddk.nih.gov
4These authors contributed equally to this study. [8]. These observations were confirmed and extended
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here (for details see the Supplemental Data available the BRCA1 antibody followed by Western blotting using
ATR antibody demonstrated that BRCA1 could pullwith this article online). Only 21% of mid/late pachytene
cells had condensed peripheral sex bodies (determined down ATR, and upon reversing the antibodies, we found
that ATR could also pull down BRCA1 (Figures 3A andby immunostaining for the sex body marker, XMR), and
there was an associated failure of X chromosome con- 3B). This suggests that in the normal testis BRCA1 and
ATR interact either directly or indirectly within a proteindensation. As previously reported for H2AX null males,
which also have sex body anomalies [5], there were complex and that this interaction is important for the
recruitment of ATR to the sex chromosomes.elevated levels of XY asynapsis. Of particular relevance
to the present study were the more detailed observa- Analysis of H2AX null mice has demonstrated a corre-
lation between a failure of sex body formation and ations on H2AX localization. Two thirds of the Brca1
mutant pachytene cells had either markedly reduced failure of MSCI [5]. To see if MSCI is also disrupted in
the Brca1 pachytene cells lacking sex bodies, we usedor no localization of H2AX to XY chromatin, and the
majority of these had collections of H2AX at other, Cot-1 RNA fluorescence in situ hybridization (FISH) to
assess transcription from the XY chromatin domain ofnonsex chromosomal sites in the nucleus. However, it
was striking that in those cells, in which there were near- pachytene spermatocytes. Cot-1 DNA is enriched for
repetitive sequences that frequently occur in intronicnormal amounts of H2AX in the XY chromatin domain,
little or no H2AX was seen at aberrant sites. Thus, and 3 untranslated regions; therefore, it detects na-
scent transcripts throughout the nuclear compartmentthere was a reciprocal relationship between presence
of H2AX on XY chromatin and its presence elsewhere. under nondenaturing conditions [14, 15]. Cot1RNAFISH
showed that transcription is repressed in the XY chro-We next asked whether the aberrant localization of
H2AX in Brca1 mutants might be a consequence of matin domain in those fewBrca1mutant pachytene cells
that do form sex bodies, but transcription is maintainedmislocalization of ATR, a candidate kinase for H2AX
phosphorylation in the XY chromatin domain. To test in those cells lacking a sex body (Figures 4A–4C). In the
study of H2AX null mice [5], MSCI failure was also evi-this hypothesis, we carried out combined immunostain-
ing for ATR and H2AX. Trp53/maleswere used as the dent from microarray analysis of whole testis RNA. We
therefore collected testis RNA samples for microarrayappropriate control. Consistentwith previous reports for
wild-type males [12, 13], ATR accumulated along the analysis from Brca1mutant males and Trp53/ controls
from postnatal days P14 through P22. The earliest timeaxial elements of the sex chromosomes at the late zy-
gotene/early pachytene transition in Trp53/ meiosis point precedes the onset of the meiotic block in the
Brca1 mutants (at P16) and in normal males is justand then spread to surrounding chromatin (Figure 2A).
In keeping with our hypothesis, we observed complete prior to the appearance of sex bodies in spermatocytes
of the first wave (atP15). The latter time point is aroundoverlap in ATR and H2AX staining in all pachytene cells
analyzed, whether control (n  100) or mutant (n  50), the time of the first appearance of haploid round sper-
matids. We generated a data set consisting of two inde-even when ATR and H2AX were mislocalized in the
Brca1mutant cells (Figures 2B and 2C). Given this strik- pendent hybridizationsof a cRNA target from four exper-
imental time points using the Affymetrix MGU74AV2ing result, we then asked whether the minority of Brca1
mutant nuclei that forms sex bodies are those cells that GeneChip. The chip contains about 12,500 known genes
and ESTs from Unigene Built 74. The global patternsachieve the correct localization of ATR and H2AX to
the XY chromatin. Thirty nuclei with sex bodies were of gene expression were very similar for P14 mice irre-
spective of their genotype; however, the expression pat-identified from their DAPI staining pattern alone, and all
proved to have correct localization of ATR and H2AX terns were significantly different between control and
Brca111/11;Trp53/ mice by P16 and at all subsequent(Figure 2D). These findings support a model in which
BRCA1 has a role in recruiting ATR to the sex chromatin time points analyzed. Specifically, using a minimum of
a 2-fold difference in expression level as a cut-off, wewhere ATR phosphorylates H2AX, leading to the forma-
tion of a sex body. identified 30 genes changed at P14 (13 up and 17 down),
626 at P16 (207 up and 419 down), 936 at P21 (489 upTo shed light on the molecular mechanism underlying
the abnormal localization of ATR and H2AX in Brca1 and 447 down), and 982 at P22 (529 up and 453 down).
The complete list of differentially regulated genes ismutant spermatocytes, we used immunoprecipitation to
look for interaction between ATR and BRCA1 in normal shown in Table 1 in the Supplemental Data.
We next used this data set to establish whether thesetestes. Immunoprecipitation of control testis lysate with
Figure 1. Localization of BRCA1 during Male Meiosis
Antibodies and developmental stages are as indicated. Zyg  zygotene, Pach  pachytene.
(A) Leptotene. BRCA1 forms multiple foci on newly forming axial elements. The bright red structure traveling the bottom right corner is a
sperm tail.
(B) Zygotene. BRCA1 is enriched on unsynapsed axial elements (long arrows) and to a lesser extent, newly-synapsed axes (double arrowheads)
but is absent when synapsis is completed (single arrowheads, see inset).
(C) Pachytene. BRCA1 is restricted to the X and Y axial elements. Final panels for (A–C) show BRCA1 localization in negative control, Brca111
spermatocytes, which lack the region of the BRCA1 protein to which the antibody is raised.
(D–I) Successive meiotic substages showing localization of BRCA1 to the XY bivalent. PAR  pseudoautosomal region. BRCA1 is present on
the unsynapsed regions of the X and Y axes but is reduced or absent at regions of synapsis. At the meiotic metaphase I (I) the X chromosome
is the only chromosome that retains SCP3 staining, allowing its unambiguous identification. At this stage BRCA1 is undetectable on the X
chromosome.
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Figure 2. Localization of ATR and H2AX in Trp53/ and Brca111/11;Trp53/ Pachytene Spermatocytes
PAR  pseudoautosomal region. Note the change of color used for H2AX between the third (red) and fourth (green) panels.
(A) Control (Trp53/) pachytene nucleus showing localization of ATR to axial elements and surrounding chromatin of sex chromosomes.
H2AX colocalizes with ATR in the XY chromatin.
(B and C) Pachytene Brca111/11;Trp53/ nuclei. ATR coats only a subregion of the X chromatin and fails to localize to the rest of this
chromosome or to the Y chromosome. ATR is also found at nonsex chromosomal sites. These aberrant sites colocalize with H2AX.
(D) In the occasional cells in which sex bodies (SB, see inset) have formed, ATR and H2AX localization to the XY chromatin is normal.
changes in gene expression in Brca111/11;Trp53/ tes- the controls, thus providing further evidence for MSCI
failure (Figure 4D). For example, 64 genes on chromo-tes are predominantly a consequence of MSCI failure
or are simply due to the meiotic block or some other some 1 showed more than 2-fold alterations in their
expression, with 36 upregulated and 28 downregulated.consequence of altered BRCA1 function. The distin-
guishing feature of MSCI failure is that the expression In contrast, all 76 X-linked genes, which showed more
than 2-fold alterations in their expression, are upregu-of genes on the X and Y chromosomes should be prefer-
entially increased relative to control levels, whereas ex- lated. The data for Y-linked genes should be interpreted
with some caution because there were only nine knownpression of genes on autosomes should not. Our data
show that X and Y chromosomal genes are indeed pref- functional Y-linked genes represented on the chip
[Ddx3y (formerly Dby), Uty, Zfy1, Rbmy, Eif2s3y, Jarid1derentially upregulated in Brca1 mutant mice relative to
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functionof ATR in the sex body, but it is formally possible
that the Brca111 mutation also interferes with localiza-
tion of ATM and/or DNA PK to this domain. However,
studies of ATM staining in normal males, obtained by
using multiple ATM antibodies, have not reported local-
ization of ATM to the asynapsed axes of the X and Y
in the sex body [22, 23]. There is one report that a
phosphorylated form of ATM is present in the sex body
[24], but the specificity of this antibody needs to be
checked on spreads from Atm null males. Immunostain-
ing detects DNA PK throughout the pachytene nucleus,
so it is presumably present in the sex body [20]. How-
ever, it is hard to imagine that in Brca111 mutant males,
it is specifically excluded from the XY chromatin and
thus preventing its substitution for ATR.Figure 3. Interactions between BRCA1 and ATR in Testis
In conclusion, our current model is that BRCA1 is(A) Coimmunoprecipitation (IP) using an antibody to ATR followed
involved in recruiting ATR to the XY chromatin of pachy-by Western blotting using antibodies to BRCA1 and ATR.
tene spermatocytes, where it is the kinase responsible(B) Coimmunoprecipitation using an antibody to BRCA1 followed
by Western blotting using antibodies to ATR and BRCA1. for phosphorylating the histone H2AX, and that it is this
phosphorylation that triggers chromatin condensation
and transcriptional repression. In the context of this
(formerly Smcy), Sry, Ssty1, and Ube1y1] together with model, two issues warrant further attention. First, it is
two pseudogenes (Tspy-ps and Rhoay-ps3) and one noteworthy that BRCA1 is targeted to the unsynapsed
EST. Of the functional genes, Ddx3y, Uty, Zfy1, Ube1y1, axial elements of the X and Y chromosomes rather than
and Rbmy were all clearly upregulated in the Brca1mu- to the whole XY chromatin domain, and yet ATR spreads
tant testes and Eif2s3y bordered on significance. The throughout the XYchromatin (excluding thePAR region).
increased X and Y gene expression (relative to autoso- It may be that ATR, unlike ATM, has the ability to move
malGapdh) in mutant testes was confirmed by quantita- down the chromatin loops. Second, there is the question
tive RT-PCR for the X-linked genes Hprt and Pdha1 and as to what feature of the unsynapsed regions of the X
for the Y-linked gene Rbmy (Figure 4E). and Y leads to the recruitment of BRCA1 to the axial
Finally, we compared average gene expression on the X elements. The fact that BRCA1 also locates to unsyn-
chromosome between Trp53/ and Brca111/11;Trp53/ apsed regions of autosomes [6] suggests that BRCA1
mice at all time points relative to their levels at P14 in is in some way targeted to all unsynapsed axes. This
order to follow dynamic changes in expression during led us to consider the intriguing possibility that BRCA1
MSCI. The average X gene expression in the control may also direct the inactivation of unsynapsed autoso-
Trp53/testes drops suddenly between P14 and P16, mal chromatin; a phenomenon that would be reminis-
coincident with the appearance of sex bodies in the first cent of the “meiotic silencingby unpairedDNA” reported
wave of spermatocytes, whereas the average gene ex- in Neurospora [25]. Further work has indeed shown this
pression of X chromosome genes in Brca111/11;Trp53/ to be the case [21, 26]
testes does not change throughout (Figure 4F). This
strengthens linkage between sex body formation and Experimental Procedures
MSCI and the conclusion that there is MSCI failure in
Generation of BRCA1 Antibodythe mutant testes.
A cDNA fragment encoding amino acids 811 to 1059 of the murineIn this study we have provided compelling evidence
BRCA1 was subcloned into pGEX-4T-2 (Pharmacia). Lysates fromin support of the hypothesis that condensation and tran-
Escherichia coli transformed with this construct was passed over
scriptional repression of the X and Y chromosomes a glutathione-Sepharose column, and recombinant BRCA1 protein
(MSCI) during the pachytene stage of mammalian sper- was sent to a commercial company (Covance) for antiserumproduc-
matogenesis is triggered by the phosphorylation of tion in rabbits. The affinity-purified antibody was named BRCA1-
1059.H2AX by the kinase ATR [4, 5]. Furthermore, we have
shown that the tumor repressor protein BRCA1 plays a
role in recruiting ATR to the X and Y chromosomes, Immunostaining of Spread Spermatocytes
Brca111/11p53/ and p53/ mice were as previously describedaddingweight to the emerging view thatBrca1 functions
[11]. Testes were frozen in liquid nitrogen and transported on dry iceas a major regulator of chromatin silencing [16, 17].
prior to thawing in RPMImedium. Surface spreads were prepared asIn vitro, the PI3-like kinases ATM and DNA-PK can
described by Barlow et al. [27]. All primary antibody incubations
also phosphorylate H2AX [18, 19], so it is important were carried out overnight at 37C and secondary antibody incuba-
to consider whether there is any redundancy between tions for 1 hr at 37C. Primary antibodies usedwere rabbit polyclonal
anti-SCP3 (1:1000), rabbit polyclonal BRCA1-1059 (1:100; seethese kinases and ATR with respect to sex body forma-
above), goat polyclonal anti-BRCA1 (1:100, Santa Cruz M-20, cat.tion. Unsurprisingly, in view of our evidence that ATR
no. sc-1553), goat polyclonal anti-ATR (1:100, Santa Cruz N-19, cat.phosphorylates H2AX during formation of the sex body,
no. sc-1887), mouse monoclonal anti-XLR, which recognizes thethe pachytene cells of Atm null males and of males with
meiosis-specific XMR (1:500) and rabbit polylconal anti-histone H1t
nonfunctional DNA PK formmorphologically normal sex (1:100). Mouse monoclonal anti-H2AX (Upstate, cat. no. 05-636)
bodies [20, 21]. Clearly, in the Brca111 mutant males, was used at 1:12500 when incubated with SCP3. In SCP3, BRCA1-
1059 dual-labeling experiments (both antisera raised in rabbit), theATM and DNA PK are not substituting for the kinase
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Figure 4. Failure of MSCI in Brca111/11;Trp53/ in Spermatocytes
(A–C) Cot-1 RNA FISH of control and Brca1 mutant pachytene spermatocytes. Note the change of color used for H2AX between the second
(red) and fourth (green) panels.
(A) Trp53/ pachytene nucleus. The XY domain is enriched in H2AX and is Cot-1-negative, indicating that it is transcriptionally silent.
(B) Brca111/11;Trp53/ pachytene nucleus. H2AX phosphorylation in the XY domain is grossly normal and Cot-1 is excluded.
(C) Brca111/11;Trp53/ pachytene nucleus. Phosphorylation of XY-associated H2AX is defective and the X chromosome (delineated in the
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BRCA1-1059 antibody was used first, and signals were developed Gapdh: 5 ACAGCCGCATCTTCTTGTGC 3 and 5 CACTTTGCCAC
TGCAATGG 3; other primers from Applied Sciences). The PCRby using a secondary antibody (see below). Images were then cap-
tured and stored, and the slides were then incubated with the SCP3 product was detectedwith the ABI PRISM7000 SequenceDetection
System, and data were analyzed with ABI Prism 7000 SDS software.antibody, after which images of the same nuclei were recaptured.
In SCP3, ATR, H2AX triple-labeling experiments, the SCP3-ATR
incubation was performed first, followed by the H2AX incubation, Microarray Analysis
Duplicate total RNA samples were used for each genotype at eachin which the anti-H2AX antibody was used at 1:100. Secondary
antibodies used were from the Alexa dye series (Molecular Probes), time point analyzed. RNA was reverse transcribed, labeled, and
hybridized according to Affymetrix’s recommendations. Design ofand all were incubated at 1:500. Slides were then mounted in Vecta-
shield with DAPI (Vecta). Images were captured on an Olympus GeneChip microarrays, complete list of probe annotations of
MGU74Av2 chip, and statistical algorithms for expression analysisIX70 inverted microscope. Each fluorochrome image was captured
separately as a 12-bit source image by using a computer-assisted are available at the Affymetrix website (http://www.affymetrix.com).
Specific details of the analysis are provided in the Supplemental(Deltavision) liquid-cooled CCD (Photometrics CH350L; Sensor: Ko-
dak KAF1400, 1317x1035 pixels). A single multiband dichroic mirror Data.
was used to eliminate shifts between different filters. Captured im-
ages were processed with Adobe Photoshop 7.0. Supplemental Data
Supplemental Data including Supplemental Results and Discussion,
three additional figures, and an Excel table are available at http://Coimmunoprecipitation and Western Blots
For coimmunoprecipitations, testis protein samples (1 mg) were www.current-biology.com/cgi/content/full/14/23/2135/DC1/.
precleaned with protein A beads for 4 hr at 4C. The supernatants
were then incubated with antibodies to BRCA1 (BRCA1-1059) or Acknowledgments
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